Introduction
Ascorbic acid oxidase (AAO) is ;I blue multi-copper oxidase that catalyses the four-electron reduction of dioxygen to water with concomitant one-electron oxidation of tlie reducing organic substrate [ 1 1.
Copper-dependent AAO is found only in higher plants 12 I. The enzyme from Cucurbitu pep0 medullosa (green zucchini) is ;I dimer of 14OOOO-M,.
containing eight copper ions of three different spectroscopic forms classified ;is type-I , type-2 and type-3 according to Vinngard's propos; il (see [ 31) . ' Hie im~n~rnoliistoclie~~iic~il localization of A A O in green zucchini reve;ils that AAO is distributed in all specimens examined, ubiquitously throughout vegetative and reproductive organs. At the cellular level tlie enzyme is linked with the cell \vall and cytoplasni 121. The role of ascorbate and AAO in plants in 7 i 7~ is still under debate. As catechols and polypheiiols are also substrates in ~i t r o [-I], AAO might be involved in biological processes like fruit ripening. A role in a redox system, as an alternative to the mitocliondrial chain. in gro\vth promotion or in susceptibility to disease ILIS also been postulated 15 I. 1'rim;iry structures of AAO from cucumber [Sl ; i d pinipkin 17 1 have also recently been reported. 1 lie prelimin;iry three-dimensioii~il X-ray structure of the fully oxidized form of AAO from zucchini has been publishrd IS I a i d the polypeptide fold and the coordination of the niononuclear blue copper site and tlie unprecedented trinuclear copper site have been described. The structure has now been refined to a resolution of 1.0 A and its detailed description and their implications tor the catalytic inechanism, electron-transfer processes, ;ind activ;ition of dioxygen have been the subject tor a further publication [ O ] .
'I'he structural relationship to the other blue copper oxidases, laccase (EC 1.10.32) and ceruloplasmin (Ec' I . 1 2.3.1 ), has been demonstr;ited by amino acid sequence alignment based on the spatial structure o f A A 0 from zucchini [ 101.
r .
Three-dimensional structure of AAO I'he crystal structure of the fully oxidized form of AAO from zucchini has been refined at 1.00 A (1 A = 0.1 nm) resolution, using an energy-restrained least-squares refinement procedure. 'I'he refined 
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Fig. 3 Stereo drawing of the trinuclear copper site
(see Fig. 2 ). It is located in domain 3. The bond lengths of the type-1 copper centre are comparable to the values for oxidized plastocyanin. The trinuclear cluster has eight histidine ligands symmetrically supplied from domains 1 and 3 (see Fig.  3 ). It may be subdivided into a pair of copper atoms with histidine ligands, the ligating N-atoms of which (five NE2 atoms and one ND1 atom) are arranged in a trigonal prismatic form. The pair is the putative type-.? copper. The remaining copper has two histidine ligands and is the putative spectroscopic type-' copper. Two oxygens are bound to the trinuclear species; as 011-or 0'-bridging the putative type-.? copper pair, and as OH-or IILO bound to the putative type-2 copper trans to the copper pair. The bond lengths within the trinuclear copper site are similar to coinparable binuclear model compounds.
The putative binding site for the reducing substrate is close to the type-1 copper. Two channels providing access from the solvent to the trinuclear copper site, the putative binding site of the dioxygen, were identified.
Implications for the catalytic mechanism
A catalytic mechanism of AAO has been proposed based on the available kinetic data, the three-dimen-sional structure and the associated electron-transfer processes as discussed in [Ol. The proposed catalytic model is schematically outlined in Fig. 4 . We assume that we observe in the crystal structure the resting form of the fully oxidized enzyme. Oxygen ligand 0 1 1.3 K.3 which may be O€l-or HIO is presumably the inactivating ligand of the type-2 copper J1;ig. -+(a)/. Upon reduction 011.3 K3 is removed slowly, causing a lag phase in the enzymic reaction. After reduction with four equivalents of reductant the fully reduced enzyme is obtained [Fig. 4(c) ] which is able to bind dioxygen. It may be bound as three-electron reduced [O,] '-species [ Fig. 4(d) ].
I his species must accept one or two protons to release one niolecule of OH -or H,O. The protons may be provided by the bulk solvent in the channels, perhaps mediated by the histidine copper ligands. After release of the first water molecule the oxygen-radical intermediate is formed [Fig. 4( e ) ] . This will be reduced by the remaining electron on r , [ 13 I). Figure 4(f) shows the last step of the catalytic cycle. All four copper centres are oxidized, the 0, -molecule accepts two protons and is released as a second water. Figure 4 was drawn assuming ii p-1,2 internally bridging dioxygen. In this configuration, partially reduced dioxygen species seem to be most stabilized by interaction with all three coppers. On the other hand, end-on binding of dioxygen ;it the type-2 copper could very well explain the formation of the resting enzyme form, whereby thr first water is released rapidly from the dioxygen-bound 
Electron-transfer processes
Three kinds of electron transfer processes are involved in the catalytic cycle. McLendon [ 201 suggested that the electron transfer in proteins may not be designed for very fast intramolecular electron transfer, with the exception of light-induced electron transfer in photosynthetic reaction centres. 'I'hey could even be designed to slow down these rapid rates which might otherwise lead to biological 'short circuits'. Related to this point is the observation that maximal rates for intramolecular electron transfer in organic donor-acceptor molecules with rigid spacers are significantly faster than those for Ku-labelled protein systems at similar distances [21] .
In the case of AAO, the observed electron- copper centre to the trinuclear copper site is rate limiting in the catalytic cycle. Electron transfer from the type-1 copper to the t y p e 3 copper pair of the trinuclear copper site may be through-bond, through-space or a combination of both. A throughbond pathway is available for both branches, each with 1 1 bonds (see Fig. 4 ). 'I'he alternative combined through-bond and through-space pathway from the type-1 copper to the lower t3 Cu in Fig. 4 involves a transfer from the SG atom of Cys.507 to the main-chain carbonyl of Cys.507 and through the hydrogen bond of this carbonyl to the NI)1 atom of the IIis506.
' ! (iii) Electron transfer within the trinuclear copper site
Electron exchange within the trinuclear copper site is expected to be very fast owing to the short distances between the copper atoms (about 3.7 A)
as will be electron transfer to the bound dioxygen. The exact geometry of the bound dioxygen seems to be a major unsolved question. which we will approach by structural analysis of derivatives like the HI0, species.
Structural relationship to laccase
Laccase is widely distributed in plants and fungi. The laccase of the Chinese or Japanese lacquer trees (Rhus species) is found in white latex, which contains phenols. In the presence of enzyme, these are oxdized by dioxygen t o radicals, which spontaneously polymerize. Cornplete amino acid sequences are only available for fungal laccases (Neurospora crassa (2.1 Aspergillus n$er [34] , and f'hlebiu rudiatu [ 25 I). I lowever, metal content and molecular, spectroscopic, catalytic and other properties are so similar that conclusions concerning the overall spatial structure and metal ligation can be applied to plant laccases, as well.
On the basis of the spatial structure of AAO an alignment of the amino acid sequence of the related blue oxidases. AAO, laccase and ceruloplasmin has been carried out 1101. This strongly suggests a three-domain structure for laccase closely related to A A O and a six-domain structure for ceruloplasmin. The domains demonstrate homology with the small blue copper proteins. The relationships suggest that laccase, like AAO, has a rnononuclear blue copper in domain 3 and a trinuclear copper site between domains 1 and 3 having the canonical copper ligands as in AAO except that the methionine ligand of the mononuclear copper may be different.
